Reliability is of great concern in applications like automotive, aerospace and home appliances in which Switched Reluctance Motor (SRM) is getting more popularity. Therefore, the reliability of the motor drive hardware and control algorithm should be ensured. In this study, the reliability and complexity of several widely used control methods for SRM drive are described using theoretical and simulation analysis. The effect of common errors associated with a practical SRM drive on its control systems' reliability is analyzed. In addition, an investigation on the
INTRODUCTION
Switched reluctance motor based electric drives have been used in home appliances, automotive, aerospace and industrial applications because of its high reliability, low cost and wide speed range [1] - [5] . However, its disadvantage of high torque ripple limits its application. Many torque ripple reduction methods have been proposed like Direct Torque Control (DTC), Direct Instantaneous Torque Control (DITC) and Torque Sharing Function (TSF). In DTC method, the machine's instantaneous torque and flux are the control variables. The desired torque output is generated from selecting a stator voltage space vector according to calculated errors of the resultant instantaneous torque and stator flux. DITC method is a simplified form of DTC method in which only the instantaneous phase torque is directly regulated with no consideration of the stator flux. A comparison of DITC and DTC is presented in [6] . Linear, cubic and exponential TSF are also commonly employed to reduce the torque ripple in SRM drives. This method distributes the desired resultant torque among the phase torque of the SRM first before the torque control. In [7] , an online compensation of torque sharing function is added to the DITC method to ensure that the incoming and the outgoing phases are appropriately distributed and regulated to improve the torque ripple reduction. The pros and cons of the aforementioned commonly used methods to control SRMs are depicted in Table I . By considering the functional structures of a three-phase CCC, a three-phase DTC and a three-phase TSF-DITC of an SRM shown in Fig. 1 . A conventional CCC has two sub-functions (modules) that maintain the resultant current at a specified reference with no consideration of the motor's torque [8] . A conventional DTC consists of seven sub-functions to ensure good torque characteristics over a wide range of operation while in TSF-DITC, the functional modules in DTC are reduced to four without compromising performance in torque ripple reduction.
Generally, SRM drives should ensure a good torque characteristic with high reliability. Despite several control methods have been developed for switched reluctance machine over the last decade, especially for applications that require a high level of reliability and robustness, how to evaluate the reliability and robustness of the control methods still remains largely undetermined. By considering the reliability of electric drive's control, feedback measurement error is one of the main factors that may result in a fault that leads to failure of the system. A fault, in this case, can be defined as a defect with an open loop or closed loop control of the electric drive that causes its failure. Hence, the failure can be defined as the inability of the drive's control system or any of its component to perform a required function according to its specification. The objective of this study is to investigate the effect of errors and structural complexity on reliability and robustness of torque control techniques for switched reluctance motor control 
CCC
The current is controlled by using a hysteresis current controller.
• Simple control structure • Robustness to measurement errors.
• High torque ripple • Poor closed loop dynamics
DTC
The desired torque is obtained by using torque and flux estimation with hysteresis controller.
• Low torque ripple • Good performance over a wide range of speed.
• Prior-knowledge of machine characteristics is required • Requires multiple control calculations.
• Requires high switching frequency
TSF-DITC
A linear or non-linear torque sharing function (online or offline) is designed and used to obtain a desired resultant torque.
• Low torque ripple • Accurate reference torque tracking.
• Offline design of torque profile is required.
• Prior-knowledge of machine characteristics is required • Requires high switching frequency 
II. RELIABILITY ANALYSIS OF SRM CONTROL
Having a standard method of quantifying the reliability of control systems have been an unresolved issue for decades because their failures are time and environment dependent. Nevertheless, factors that can be propositional or inversely proportional to the reliability of control algorithms have been presented by researchers. These factors include Robustness, Mean Time Between Failure, Flexibility, Error Tolerance, Fault
Tolerance, Device Dependence, Accuracy, Recoverability, Usability, and Simplicity [9] [10] [11] [12] . Control algorithm failures occur if its behaviour differs from the specified one because of errors in the system.
Generally, systems that are error-prone have a high probability of failure and furthermore, systems that are error-prone and complex will have a significantly higher probability of failure, thus making the overall system highly unreliable. In this study, the effect of robustness and complexity on the reliability of SRM control is investigated. It can be decided from this section that complexity and measurement error have a significant negative effect on the reliability of SRM torque control, and therefore, the development of reliable torque control algorithms is necessary
A. Error and Noise in SRM Control.
The errors in the control algorithm are key factors that increase its failure rate and make it unreliable. Error components can be introduced into the control algorithm from different factors and the number and magnitude of these error components are proportional to the failure rate of the system [13] . Most errors in the control of SRM are often as a result of measurement error, measurement noise and parameter variation within the drive system. These errors affect the torque and flux estimations required in high-performance SRM control. An instantaneous expression showing the common error components in current measurement, voltage measurement, rotor position measurement, flux-linkage estimation and torque estimation are given in Equations 1-5, respectively.
where , , , , and , are the total measurement error in current, voltage, rotor position, and angular speed, and the total flux-linkage error, respectively. and are the current and voltage offset error. and are the current and voltage scaling error. and are the current and voltage signal noise error. and are the time and amplitude quantization error.
is the resistance variation error.
Ideally, the instantaneous torque produced by SRM is often estimated from a lookup table ( , ) generated from a statictorque test. Therefore, the effect of both current and rotor position measurement should be considered when analysing the error involved in the torque estimation. Error in the measured current and rotor position will proposed corresponding error in estimated torque. Equation 5 can be used to calculate the resultant error in toque estimation at a given instance.
where ( ), ( ), ( ) and ( ( ), ( )) are resultant torque estimation error, actual rotor position, actual phase current and instantaneous torque, respectively. For a given error in current and position measurement, the error in torque will be proportional to the sum of partial derivative of torque with current and partial derivative of torque with position For the aforementioned errors, it is difficult to quantify the instantaneous error components of the current, voltage, and flux-linkage because their causal factors are system dependent and time-varying. Therefore, for analysis, an error magnitude can be assumed to represent the total error in these quantities be assumed to represent the total error in these quantities.
B. Reliability of SRM Control from the Complexity Perspective
As mentioned in Section I, the complexity of control technique is one of the key factors that affect the reliability of SRM control. Errors can be introduced into the control algorithm from different factors such as the number of modules in the system that are affected by the error components increases, the failure rate of the system also increases. Therefore, the less complicated the system, the more reliable it is [11] .
An important metric of structural complexity known as Information flow metric is employed in this section to analyse the effect of system complexity of the SRM control method. Henry et al. defined structural complexity in terms of the amount of information flow (IF) between modules in software [14] . It is proven that it is a suitable and practical basis for measuring the complexity of large systems [15] - [18] . Therefore, the complexity of the SRM control system can be measured by observing the patterns of communication between the system components. Hence, an information flow complexity that considers a functional block structure as a module and the interconnection between the modules is proposed and used in this study. The expression for calculating information flow complexity is defined in (6).
where n, fan_in, and fan_out are defined as the number of modules in a system, the number of input variables passed into the module and number of output variables returned from the module, respectively. To determine the differences in complexity between the control methods, their information flow complexity is calculated based on Fig. 1 and IF formula expressed in (6) and the results are presented in Table 2 .
The product of fan_in(n) and fan_out(n) in (6) represent the number of possible combination of the input variables to the output variables of a sub-function (module). The power of two in the equation is used to represent the non-linear relationship between the specific sub-function and other sub-functions interacting with it as it used by Belady et'al in system partitioning [19] . Lastly, the measure of the total complexity of the system is obtained by adding up all the sub-functions' 'IFs'. For example, consider the calculated IF of CCC. The speed control module has an 'IF(speed) = (2x1) 2 = 4' , the hysteresis comparator module has an 'IF(hysteresis) = (4x3) 2 = 144' therefore, the IF complexity of CCC is 'IF(CCC) = 4 + 144 = 148'.
It can be seen that the complexity of the control methods is proportional to the number of error component involved in the system. CCC has less complexity hence less prone to error followed by TSF-DITC and finally DTC having the highest complexity and error components. This method of analysis can help to directly reduce the complexity and failure-rate of control algorithms by finding dispensable functions like in the case of reducing DTC to DITC and finding functions affected by measurement errors. Therefore, minimizing computational time and improving reliability
III. SIMULATION RESULTS AND DISCUSSION
To analyse the real-time effect of the measurement uncertainties on the control methods, a simulation model of the SRM drive is built in MATLAB/Simulink based on a threephase SRM and the three control algorithms. It is difficult to accurately calculate the measurement uncertainties because it is time and environment dependent. Therefore, white noise with an amplitude of 10% of the terminal measurement is generated, as shown in Fig. 2 , to represent the measurement uncertainties common to an electric motor drive. This error signal is injected to the phase current feedback signals and its effect on the CCC, TSF-DITC and DTC method is shown in Fig. 3-5 , respectively. The DTC requires phase voltage for flux estimation function therefore, the effect of error signals on the measured phase voltage is also shown in Fig. 6 .The significant deviation in the current and voltage can be observed in these figures. The comparison of the resultant torque with and without measurement uncertainties of the three control methods with the SRM running at low speed (hysteresis mode) and it high speed are presented in Figures 7-9 . The effect of the error can be clearly observed because the performance of all the methods is affected at both speed levels. Nevertheless, a reliable control system should have a reasonable accuracy under certain level of uncertainties like the 10% deviation used in this study. From the result obtained, the CCC method shows better robustness to measurement error because the measured feedback is only used by the current hysteresis comparator. By observing the TSF-DITC and DTC results the deviation is high because the feedback signal is used by more than one component of the control methods. III summarised the comparison of the normalised peak to peak torque between the CCC method, the TSF-DITC and the DTC method with and without measurement error. Both the TSF-DITC and the DTC methods showed less peak to peak torque e compared to the CCC method at low and base speeds of the motor without the error signal injected into the measurement terminals. Nevertheless, the TSF-DITC shows less compare to the DTC at low speed. Adding the error signal to phase current measurement of the CCC method caused 4% and 8% increase in peak to peak torque at100rpm and 500rpm respectively. For the TSF-DITC method, the injected error caused 12% and 3% increase in peak to peak torque at 100rpm and 500rpm respectively. Lastly, results for the DTC method showed 257% and 216% increase in peak to peak torque at100rpm and 500rpm respectively, which is very large compared to the other two methods. This is because the DTC algorithm depends on both phase-current and phase-voltage measurements and with the error signal added to each, the flux and torque estimations produced erroneous values, hence, the zone selector can select a wrong switching sequence which can cause torque spikes as depicted in Fig. 9 .
In summary, the CCC method shows the highest robustness to measurement error in the set of results depicted. However, the TSF-DITC method achieved superior torque characteristics while maintaining high robustness and reliability. Comparing these three methods, it is clear that increasing the functionality (complexity) of the control method, to improve its torque characteristics, in the case of DTC and TSF-DITC can increases the dependency of the method on the feedback signal hence, reducing its accuracy which can compromise its reliability. 
IV. CONCLUSION
In this study, an analysis of the relationship between system structural complexity and reliability of SRM control is presented based on information flow complexity within the control technique. The results obtained showed that the CCC method shows the highest robustness to measurement error followed by the TSF-DITC then the DTC. The analysis depicted that CCC can provide high robustness to measurement errors, but it has poor torque ripple reduction capability compared to torque control methods. On the other hand, torque control methods such as TSF-DITC and DTC can provide a superior torque ripple reduction. However, the DTC has significantly less robustness to measurement noise and errors compared to the other two because its higher structural complexity increased the dependency of its accuracy to the accuracy of the feedback signal.
